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In this study, we synthesised a series of self-assembling glycoconjugates
derived from bhilawanol under environmentally friendly conditions in
good yields. These self-assembling glycoconjugates displayed anti-
cancer activity toward Hela cells at an IC5o value of 125 pM with
minimal side effects, holding immense potential in cancer therapeutics.

Cancer encompasses a range of diseases characterised by uncon-
trolled cell division and compromised immune system leading to
mortality." Despite significant strides in cancer therapeutics and
diagnostics, the medical community continues to strive for further
advancements in combating this disease.” It has been witnessed
that plant extracts have played a predominant role in cancer
treatment since ancient times. In this study, we focused on
synthesising a class of new glycolipids from a renewable resource,
bhilawanol, also known as urushiol, a bioactive molecule obtained
from “Semecarpus anacardium”, found in India’s sub-Himalayan,
tropical, and central regions, that has been used as a traditional
Indian medicine for centuries to treat various ailments.? The seeds
of this plant are reported to contain many biologically active
molecules displaying potential anticancer, antibacterial, antifun-
gal, and other biological properties.* Sahoo and co-workers
recently presented a mini-review highlighting the potential appli-
cations of Semecarpus anacardium Linn. (SCA) in anticancer and
anti-inflammatory therapies. The review underscores SCA’s ther-
apeutic potential in treating various cancers, including breast
cancer, lung cancer, blood cancer, and hepatocellular carcinoma,
with advancements reaching clinical trials. It also emphasizes the
need for further investigation into the use of SCA extracts in cancer
treatment.” In this report, the conjugation of carbohydrates with
bhilawanol resulted in a new class of biologically active glycolipids.
The direct conjugation of bhilawanol to carbohydrates or amino
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acids has not been reported to date. Lepoittevin and co-workers have
coupled 3-n-alkyl catechols to the acetate or trichloroimidates of
monosaccharides and disaccharides using multistep synthesis.®
Later, in a patent report, amino acids and N-heterocyclic compounds
were conjugated to bhilawanol and their biological properties were
evaluated.® Carbohydrates are essential molecules that play crucial
roles in various biological processes such as cell development,
recognition, cell-cell interaction and communication, growth, and
energy storage.” Hergenrother and coworkers reported the salient
features of glycoconjugates in improved cancer targeting and
selectivity.® The tendency of cancer cells to metabolise more sugars
than normal cells has been leveraged to target cancer cells using
glycoconjugates, which is referred to as the Warburg effect.”™ To
date, 14 distinct glucose transporters (GLUT) have been identified
based on their structure and sequence; among these, GLUT-1 is the
most extensively studied glucose transporter and is widely recog-
nized for its overexpression in cancer cells."* Consequently, the other
stereoisomers of glucose analogues can be effectively taken up by
cancer cells, offering an appealing strategy to broaden the Warburg
effect to a broader range of glycoconjugates.”'* Given their impor-
tance in anticancer activity, synthesising glycoconjugates or glycoli-
pids, particularly those derived from renewable sources, is of
significant interest."®> Glycolipids are also a key class of amphiphiles
prone to self-assembly through non-covalent interactions to furnish
the supramolecular architecture, which is fundamental in living
organisms, leading to functional structures capable of performing
intricate biological functions.'® Recognising the potential of carbo-
hydrates, we investigated the self-assembly of a series of bhilawanol-
based glycolipids. This thoughtful design strategy aims to leverage
the stabilising role of carbohydrates in complex architectures and
explore their promising applications.

Carbohydrate-based self-assembling systems are integral to the
creation of advanced biocompatible materials with versatile func-
tionalities, enabling a wide range of applications."”'® In this report,
one of the biologically significant natural compounds, bhilawanol
(1a), has been chemically modified and conjugated with various
monosaccharides to synthesize glycoconjugates (BCG)." This pro-
cess employed a straightforward and environmentally friendly
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Scheme 1 Synthesis of glycolipids 5,6(a-f).

protocol to create glycolipids. The reaction involves treating bhila-
wanol hydrazide (3a, b) with various monosaccharides (4a-f) in
ethanol, utilising ammonium sulphate as a base under reflux
conditions in a single-pot reaction. The established protocol furn-
ished 80-82% of the desired glycolipid without the requirement of
column chromatography (Scheme 1).>° The formation of the desired
BCG5,6(a-f) was confirmed by nuclear magnetic resonance (NMR),
high-resolution mass spectrometry (HRMS), and infrared (IR)
spectroscopy. The F2-coupled 'H,"*C-HSQC NMR spectrum of
BCG6b furnished a J; 1y coupling constant of 157 Hz, which is
less than 168 Hz, clearly revealing the exclusive formation of the 1,2-
trans-anomeric product (Fig. S52, ESIT).>!

Over the past few decades, self-assembling carbohydrates have
gained momentum due to their abundance and accessibility. In
addition, easy tuning of the orientation of hydroxyl groups, addi-
tional functionalisation and hydrogen bonding are the characteristic
features.” This, in turn, has spurred further exploration into the
realms of molecular self-assembly and supramolecular chemistry.
Low molecular weight gels (LMWGs) were reported as far back as the
19th century, but the scientific understanding of structure and
function was not fully elucidated. Notably, in the recent past,
researchers have engineered functional molecules and extensively
investigated their self-assembly. The “stable to inversion” method
identified BCGs’ gelation behaviour. Table S1 (ESIt) summarises the
gelation capability of BCG glycolipids in different solvents and oils.**
Interestingly, all the synthesized BCG glycolipids displayed gelation
in DMSO. Among the BCG glycolipids 5a-f, which have unsaturation
in their hydrophobic unit, BCG5a displays gelation in DMSO + H,O
(40%) with a CGC of 1.5% (wt/v). It is worth mentioning that BCG6a,
a saturated version of BCG5a, exhibited gelation in DMSO + H,O
(40%) with a CGC of 1.0% (wt/v). The better gelation ability of 6a is
attributed to the pronounced molecular stacking displayed by the
saturated hydrophobic unit. BCG5,6(a-f) show a CGC of 1.0% (wt/v)
in linseed oil (Fig. S1, ESIt). The thermal stability of the hydrogel
and oleogels formed by BCG5,6(a-f) has been identified by the sol-
gel transition temperature (7). Hydrogel and oleogel formed by
BCG5a and 6a displayed T, as 117 & 96 °C and 129 & 98 °C,
respectively. With an increase in the concentration of the gelator, the
T, also increases, indicating the tunability of gel strength, as shown
in Fig. S49 (ESIY).
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Fig. 1 SEM images of (a)—(d) the hydrogel formed by BCG6a in DMSO +
H,O and (e)-(h) the oleogel hydrogel formed by BCG6a in linseed oil and
(i) —() hydrogel formed by BCG6b in DMSO + H,O, respectively.

A scanning electronic microscopy (SEM) analysis of the hydrogel
and oleogel formed by BCG6a in DMSO + water and Linseed oil and
BCG6b in DMSO + water was performed to understand the mor-
phology of the gel. The SEM analysis showed that the hydrogel and
oleogel formed by BCG6a reveal a fibrillar, lamellar-like architecture.
In contrast, the hydrogel morphology formed by compound BCG6b
in DMSO + water reveals a globular structure (Fig. 1). This result
clearly demonstrates that the epimers of carbohydrates and the
solvent environment both play a crucial role in guiding the supra-
molecular self-assembly of the gelator into a gel through intermo-
lecular interactions, ultimately influencing its microscopic structure.

Variable temperature NMR (VI-NMR) provides compelling evi-
dence of intermolecular interactions in self-assembly. To our for-
tune, BCG6a forms a hydrogel in DMSO-H,O, favouring the VT-
NMR studies. The VI-NMR spectral studies of the gel displayed a
remarkable change compared to the solution state. The disappear-
ance of exchangeable protons and broadening of aromatic signals
with minimal shifts is observed (Fig. 2a). In the gel state, a decrease
in the intensity of sugar peaks and the disappearance of signals
corresponding to aromatic and hydrophobic units is observed. Even
up to 60 °C, a similar trend was observed; however, further increase
in temperature to 90 °C resulted in well-resolved spectra with the up-
field shift of aromatic protons centred at around ¢ = 7.0 ppm to
6.5 ppm, and protons corresponding to sugar and hydrophobic
units were observed. The overall up-field shift of protons of BCG6a
is the result of an increase in the electron density during the
molecular self-assembly via hydrogen bonding, n-n interactions
and van der Waals interactions (Fig. 2a).

Various intermolecular interactions such as hydrogen bonding,
hydrophobic interactions, stacking, anionic-n and cationic-t and
van der Waals displayed by a molecule play a crucial role in the
assembly mechanism. In this study, we explore correlations between
molecular structure and self-assembly behaviour, aiming to uncover
the fine distinction of these interactions. To gain a deeper insight
into the molecular self-assembly of the hydrogel produced from
BCG6a, we conducted FTIR studies. The molecular self-assembly
brings variations in the intermolecular interaction in the amorphous
to assembled state due to the formation of secondary interactions.
Fig. 2b illustrates the FTIR spectra of BCG6a in amorphous and
assembled states. In the IR spectra, peaks centred at 3256, 3300,

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) VT-NMR studies of BCG6a hydrogel, (b) FTIR studies of BCG6a

in the (i) amorphous and (ii) assembled state, (c) SAXRD of the xerogel of
BCG6a, and (d) proposed bottom-up self-assembly mechanism.

2852, 1680, 1648, 1103 and 1056 cm™ ' represent the assembled
state. In contrast, the amorphous state displayed a shift and was
observed at slightly higher frequencies centred at 3280, 3324, 2846,
1705, 1683, 1081 and 1039 cm ™, respectively, which corresponds to
-NH, -OH, -CH (alkanes), carbonyl and alkenes, respectively. The
appreciable signal shift displayed by various functional groups of
BCGéa is direct evidence of the participation of different functional
groups in molecular assembly. The energy-minimised structure is
obtained to elucidate the packing arrangement, and their molecular
length is calculated and compared with experimental SAXRD dif-
fraction data shown in Fig. 2c.

The xerogel obtained from BCG6a furnished 20 at 2.21°, 3.37°,
8.72°, 20.81°, 22.59° and 40.80°, corresponding to interplanar d
spacing values of 4.31, 2.62, 1.01, 0.43, 0.39, and 0.22 nm. The end-
to-end molecular length of BCG6a obtained from computational
studies is 3.01 nm, which is lower than the experimental value of
4.31 nm, suggesting the formation of an intercalated double layer
stabilised by intermolecular hydrogen bonding (Fig. 2d).

A rheological measurement is performed to understand the
practical utility of BCG6a hydrogel in pharmaceutical sectors
(Fig. 3). Rheological measurements define the extent of deforma-
tion of the material from its original state in terms of storage
modulus G’ (elasticity) and loss modulus G” (viscous) in response
to strain. It was observed from the frequency sweep test that both
the values of G’ and G” increase linearly in response to applied
frequency; the higher value of G’ compared to G” reflates the
strong tolerance of the gel in response to applied frequency. In the
strain sweep test, it was observed that the storage modulus of
the gel G’ has higher values than the loss modulus G”, reflecting
the good mechanical strength of the gel. The thixotropy renders
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Fig. 3 (a) and (b) Angular frequency and strain amplitude dependence of
G’ and G” of the hydrogel, and (c) thixotropy of the hydrogel formed by
compound BCG6a.
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fast structural recovery behaviour in response to the applied
constant strain, an essential feature in medicine formulation.>*

To assess the feasibility of utilizing the compounds for
anticancer studies, it is crucial to evaluate their cytotoxicity.
The cytotoxicity of compound BCG6a on cellular metabolic
activity was tested using immortalized human corneal epithe-
lial cells (HCEC) treated with 500 pM of the compound. Cell
viability and cytotoxicity were measured through an MTT assay,
as shown in Fig. 4a. The results demonstrated that compound
BCG6a exhibited almost 100% cell viability after a 6 h incuba-
tion and over 90% viability after 24 h.

Bhilawanol is known to exert significant anti-cancer activity and
conversion into glycoconjugates is expected to enhance its potential.
Hence, we investigated the anti-cancer activity of the synthesized
glycolipids on the HelLa cells.”® It is worth mentioning that low-
molecular self-assembled systems play a prominent role in anti-
cancer activity.”® In the present studies, the anticancer potential of
the chosen glycolipids was compared with 5-fluorouracil, which is
sold under the name of Adrucil, a cytotoxic chemotherapy medica-
tion used to treat stomach cancer, oesophageal cancer, pancreatic
cancer, breast cancer, and cervical cancer. The anti-cancer studies of
5-fluorouracil against the HeLa cells displayed an ICs, of 500 uM
(Fig. 4b). For our investigation, we have selected BCG5a, which is an
unsaturated version of BCG6a, and BCG5b, which is the ¢, epimer
of 5a and an unsaturated version of BCG6b, respectively Fig. 4(c)-(f).

The cytotoxicity of the compounds was examined by using an
Alamar blue cell viability assay, which is generally used to quantita-
tively measure cell proliferation and cytotoxicity involving the
oxidation-reduction process. We observed that BCG6a and 6b
exhibited a cytotoxic response, as shown in Fig. 4e-f after treatment
for 24 h. The cellular morphology was also altered after the
treatment as cells began to detach from the plate’s surface, as
illustrated in Fig. 5 for BCG6a, Fig. 6 for BCG6b, and for BCG5a and
BCG5b in Fig. S50 and S51 (ESIf), respectively. In the case of
compounds BCG6a and BCG6b, with increasing concentrations of
both compounds, more cells detached from the surface and
adopted a rounded appearance, indicating cell death. Interestingly,
compounds BCG6a and BCG6b demonstrated significant activity,
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Fig. 4 (a) Cytotoxic assay of BCG6a on human corneal epithelial cells

(HCEC), (b) anticancer assay of Hela cells against 5-fluorouracil, (c)—(f)
anti-cancer assay of Hela cells after treatment with (c) BCG5a, (d) BCG5b,
(e) BCG6a, and (f) BCG6b for 24 h. The values are represented as mean =+
S.E.M. for three values.
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Fig. 5 (a)-(g) Microscopic images of the anticancer effect on Hela cells
of BCG6a at different concentrations at a magnification of 10x.

Fig. 6 (a)-(f) Microscopic images of the anticancer effect on Hela cells of
BCG6b at different concentrations at a magnification of 10x.

with ICs, values of 125 pM. This is a remarkable result compared to
the standard 5-fluorouracil, which exhibits an ICs, value of 500 pM.

In conclusion, a new class of glycolipids were synthesised
under environmentally friendly conditions from renewable
resources in good yields. The bottom-up assembly of glycolipids
generated hydrogel and oleogel, which were well characterized
by NMR, IR, SEM, XRD, and rheological studies. Self-assembled
BCG6a and BCG6b displayed anti-cancer activity toward HeLa
cells at ICs, of 125 uM with minimal side effects broadening the
application of supramolecular chemistry in medicine.
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